of eight muscles was adjusted in relation to cross-sectional area and then summed to provide the area-weighted ΣT 2 as an index of thigh recruitment. Results There were no child/adult differences in the relative V O 2Sc amplitude [Boys 14 ± 7 vs. Men 18 ± 3 %, P = 0.15, effect size (ES) = 0.8] during which the change (Δ) in area-weighted ΣT 2 between the ScTD and 6 min was not different between groups (Boys 1.6 ± 1.2 vs. Men 2.3 ± 1.1 ms, P = 0.27, ES = 0.6). A positive and strong correlation was found between the relative V O 2Sc amplitude and the magnitude of the area-weighted ΔΣT 2 in men (r = 0.92, P = 0.001) but not in boys (r = 0.09, P = 0.84). Conclusions This study provides evidence to show that progressive muscle recruitment (as inferred from T 2 changes) contributes to the development of the V O 2Sc during intense submaximal exercise independent of age. Carbon dioxide output
Introduction
Following the onset of step exercise, after adjustment is made for the initial (phase I) cardio-dynamic phase, the exponential rise in O 2 uptake (phase II V O 2 ) has been shown to reflect the kinetics of muscle V O 2 (Benson et al. 2013; Grassi et al. 1996; Krustrup et al. 2009 ). During moderate-intensity exercise (i.e., below the gas exchange threshold, GET), a V O 2 steady state is attained within ~2-3 min whereas a supplementary V O 2 slow component (VO 2Sc ) is superimposed upon the phase II response during supra-GET exercise (Whipp and Wasserman 1972) . This delays the attainment of steady state within the heavyintensity domain (i.e., above the GET but below the critical power, CP) or elicits the maximal O 2 uptake (VO 2max ) during very heavy-intensity exercise (>CP) when this is continued to the limit of tolerance (Poole et al. 1988; Wilkerson et al. 2004 ). The V O 2Sc develops concomitantly with an increased expenditure of muscle phosphocreatine (PCr) and glycogen and is therefore of practical significance to exercise (in) tolerance .
Previous cross-sectional and longitudinal studies have revealed that V O 2 kinetics during heavy/very heavyintensity exercise is altered from pre-puberty toward early adulthood [see (Armstrong and Barker 2009) for review]. Specifically, younger children have a reduced V O 2 time constant (τ) and increased 'gain' (i.e., ΔVO 2 /Δwork rate) during phase II such that their V O 2Sc amplitude is truncated compared to teenagers or adults (Breese et al. 2012; Fawkner and Armstrong 2004) . It has been demonstrated that the V O 2Sc principally originates from the contracting skeletal muscles (Poole et al. 1991) and is coincident with a progressive reduction in intramuscular (PCr) and rise in inorganic phosphate (P i ) and H + during constant work rate exercise (Rossiter et al. 2002) . The onset of skeletal muscle fatigue, it is suggested (Whipp 1994) , therefore requires an increased recruitment of less efficient type II muscle fibers [i.e., with a higher ATP/force output ratio (Crow and Kushmerick 1982) ] to maintain the target work rate. In accord with this proposition, a previous study reported that PCr and glycogen content were lowered in single muscle fibers from the 3rd to 6th min of cycling exercise corresponding to 80 % V O 2max that elicited a V O 2Sc but not at 50 % V O 2max (Krustrup et al. 2004 ). Differences in the recruitment of supplementary muscle fibers might therefore contribute, in part, to previous reports of an increased V O 2Sc amplitude with maturation during supra-GET exercise.
Recent studies have reported no change in the integrated electromyogram (iEMG) activity of the vastus lateralis muscle throughout the V O 2Sc during very heavyintensity cycle exercise in boys (Barker et al. 2014; Breese et al. 2012) . This suggests that the development of the V O 2Sc might not require an increased recruitment of motor units during intense submaximal exercise in children. However, previous studies in adults have also yielded conflicting reports of concomitant changes in motor unit activity (from surface iEMG) related to the magnitude of the V O 2Sc amplitude (Burnley et al. 2002; Garland et al. 2006; Scheuermann et al. 2001; Shinohara and Moritani 1992) . It is conceivable that iEMG confined to superficial regions of a single muscle group might confound interpretation of the relationship between the V O 2Sc amplitude and muscle activity resulting from cycling involving the activation of a large proportion of the upper thigh for power production (Ericson et al. 1985) . Given that pulmonary V O 2 during exercise principally reflects O 2 consumption of the contracting muscles (Poole et al. 1991) , it is important that investigation of the relationship between the V O 2Sc amplitude and muscle recruitment involve a greater proportion of the active muscle mass during exercise.
The transverse relaxation time (T 2 ) of muscle protons from magnetic resonance imaging (MRI) is sensitive to tissue water content which, in turn, is influenced by the osmotic activity of metabolites (such as P i and lactate) that accumulate in recruited muscle fibers during exercise (see Meyer and Prior 2000 for review) . T 2 has been reported to correlate with changes in iEMG (Adams et al. 1992) and is dependent upon work rate (Jenner et al. 1994 ) which suggests it can provide a surrogate for muscle activity required for power production. Importantly, T 2 permits spatial differences in muscle recruitment (including muscles at increased depth) to be resolved within the exercising limb and so, unlike iEMG, is not confined to superficial muscle. Previous studies have reported a concurrent rise in V O 2 and T 2 over time during heavy-intensity cycling that elicits a V O 2Sc but not during moderate-intensity cycle exercise (Endo et al. 2007; Saunders et al. 2000) . Moreover, these studies reported a positive relationship between the magnitude of the V O 2Sc and T 2 changes of thigh muscle (Endo et al. 2007; Saunders et al. 2000) . Therefore, a lower V O 2Sc amplitude in children would be expected to coincide with an attenuated T 2 change from active muscle compared to adults if an increased muscle recruitment is responsible for the development of the V O 2Sc during supra-GET exercise.
The purpose of the present study was to utilize T 2 -weighted MRI to investigate the influence of muscle recruitment on V O 2 kinetics during very heavy-intensity cycle exercise in boys and men. It was hypothesized that the relative V O 2Sc amplitude would be lower and the rise in thigh T 2 would be less pronounced throughout the slowphase V O 2 region in boys compared to men.
Methods

Participants
Eight boys and eight men volunteered to participate in exercise testing after written informed consent had been obtained from each participant and the children's parent(s)/ guardian(s) prior to the commencement of the study. The procedures employed in this study were approved by the Sport and Health Sciences research ethics committee at the University of Exeter. All participants were asked to arrive at the laboratory in a rested and hydrated state having abstained from food or caffeine for at least 3 h and to have avoided strenuous exercise in the 24 h preceding each test session. All tests were performed at approximately the same time of day (±2 h).
Experimental protocol
Participants visited the laboratory on five separate occasions over a 2-week period with ≥24-h recovery provided between exercise trials. All exercise tests were performed on an electronically braked cycle ergometer (Lode Excalibur Sport, Groningen, the Netherlands) with the seat height, handlebar height, and crank length adapted to each subject and subsequently maintained throughout the testing period. On the first visit, each participant performed a ramp incremental exercise test to the limit of tolerance for determination of peak V O 2 and the gas exchange threshold (GET). After 3 min baseline cycling at 15 W, the work rate increased continuously by 15 W min −1 in boys and 30 W min −1 in men to attain a test duration of 8-12 min for each individual. Participants were instructed to select a preferred pedal rate of between 70 and 80 rev min −1 and maintain this cadence throughout the test. The peak V O 2 was taken as the highest recorded 10 s stationary average value during the incremental test which has been shown to reflect a maximum V O 2 in 93 % of young people performing ramp exercise (Barker et al. 2011) . The GET was determined using the V-slope method (Beaver et al. 1986 ) as the first disproportionate increase in CO 2 output (VCO 2 ) relative to the increase in V O 2 and subsequently verified from visual inspection of the increase in the ventilatory equivalent for V O 2 (VE/VO 2 ) with no increase in V E/VCO 2 .
The V O 2 corresponding to 60 % of the difference (Δ) between the V O 2 at the GET and peak V O 2 (very heavyintensity exercise, VH) was determined using the "linear" portion of the ramp test by removing the initial 2 and final 3 min of the test data and following adjustment of the V O 2 "lag time" that is observed during ramp exercise (Whipp et al. 1981) . Assuming the lag time to be 30 s, the target V O 2 amplitude was assumed to be attained ~120 s into the step exercise bout (i.e., before the onset of the V O 2 slow component). Each participant then returned to the laboratory to perform a single-step transition on three separate days (visits 2-4) including 3 min of baseline (15 W) pedaling followed by 6 min of VH cycling (U → VH). The averaged V O 2 responses were subsequently modeled using an iterative curve fitting procedure (see "Data analysis procedures") to identify the V O 2Sc time delay (ScTD) for each subject. On the final test occasion (visit 5), subjects performed cycle exercise at the same power output (Δ60 %) in a laboratory adjacent to the MRI scanner. Following an initial MRI scan at rest, subjects completed one of two-step exercise bouts in a randomized and counter-balanced order consisting of: (1) 3 min of 'unloaded' (15 W) pedaling followed by VH cycle exercise to a time point corresponding to their predetermined ScTD or (2) 3 min of 'unloaded' (15 W) pedaling followed by 6 min of VH cycling. Each protocol was separated by 60 min of recovery to obtain MRI of the thigh region at rest and after VH cycle exercise (both up to the ScTD and 6 min) within a single laboratory visit. We selected a recovery time of 60 min as this has been shown to eliminate the effects of prior exercise on V O 2 kinetics (Burnley et al. 2006) and also based on a previous study which reported a half-time for T 2 recovery of ~23 min in adult subjects after intense (~90 % V O 2max ) cycle exercise (Reid et al. 2001 ).
Experimental measures
Pulmonary gas exchange and ventilation were measured and displayed breath-by-breath (Metalyser 3B Cortex, Biophysik, Leipzig, Germany) during each exercise trial. Gas fractions of O 2 and CO 2 were drawn continuously from a face mask-turbine assembly following calibration with gases of known concentration. Expired volume was measured using a DVT turbine digital transducer which was manually calibrated using a 3-L syringe (Hans Rudolph, Kansas City, MO) before each test. All calibration procedures were repeated before each exercise test. Heart rate was recorded at 5-s intervals throughout exercise using short-range radiotelemetry (Polar S610, Polar Electro Oy, Kempele, Finland).
To obtain MRI measures, the mid-point of the thigh was marked on the right leg using the measured distance halfway between the greater trochanter and the lateral epicondyle. During scanning, a cod liver capsule was placed on the marked point to allow identification of this anatomical point within the MRI images and hence ensure position repeatability between scans. Subjects' lay horizontal in the supine position within the bore of a 1.5-T superconducting magnet (Achieva, Philips Medical System, The Netherlands) to acquire MRI of the thigh region at rest. After the initial pre-exercise scan, subjects then moved into an adjacent room and performed the required duration of cycle exercise at Δ60 % immediately after which they were repositioned back within the bore of the magnet to obtain post-exercise scan images. The time taken from the cessation of exercise to the commencement of the scan was kept consistent at 120 s for each participant.
All MRI images were acquired using a body coil with slices in the axial plane and centered on the cod liver oil marker. Initially, five contiguous T1-weighted turbo spinecho slices were acquired to obtain structural muscle information and allow identification of each separate muscle group during the T 2 calculation. In-plane resolution was 1.04 × 1.04 mm and the slice thickness was 5 mm with an echo time (TE) of 15 ms and a repetition time (TR) of 160 ms. Subsequently, a multishot spin-echo, echo-planar imaging (EPI) sequence (SE-GraSE) was utilized to calculate T 2 values (EPI factor 5). In-plane resolution was 3.13 × 3.17 mm with a slice thickness of 10 mm and a TR of 145 ms. In total, ten echoes were obtained (shortest TE of 5 ms with a 5 ms increment) with 20 averages summed to improve signal-to-noise that resulted in a total scanning time of 30.6 s.
Data analysis procedures
The breath-by-breath V O 2 data from each step exercise bout were initially examined to exclude errant breaths by removing values lying more than four standard deviations from the local mean determined using a 5-breath rolling average. Filtered V O 2 data were subsequently linearly interpolated to provide second-by-second values and for each individual, identical repetitions of each exercise condition were time aligned to the start of exercise and averaged together to form a single data set for analysis.
The first 20 s of data after the onset of exercise was deleted to remove the phase I (cardio-dynamic) response, and the phase II portion of the V O 2 response was modeled using the non-linear equation:
where ΔVO 2 (t), ΔVO 2 , TD and τ represent the value of V O 2 minus the baseline V O 2 at a given time (t), the amplitude change in V O 2 from baseline to its asymptote, time delay and the time constant of the response, respectively.
To identify an optimal fitting window with which to estimate parameters of the phase II response, a purposedesigned software program developed with LabVIEW (National Instruments, Newbury, UK) was used. The fitting window was iteratively widened by 1-s intervals, starting from a 60-s fitting window and finishing with a fitting window that encompassed the entire data set (Rossiter et al. 2001) . The estimated τ for each fitting window was plotted against time to allow the beginning of the V O 2Sc to be determined through visual inspection. The onset of the V O 2Sc was defined as the point at which a plateau in the estimated τ was followed by a progressive increase in the estimated τ. The phase II parameter estimates from Eq. 1 were then resolved by least squares non-linear regression (GraphPad Prism, GraphPad Software, San Diego, CA). The V O 2Sc amplitude was calculated as the difference between the mean of the last 30 s of exercise and the phase II asymptote and expressed in relative terms against the total ΔVO 2 at end-exercise. To provide information on the 'overall' V O 2 kinetics [mean response time (MRT)], Eq. 1 with TD constrained to 0 s (i.e., no delay term) was fit from the onset to the end of exercise. For all subjects, the 'gain' of the phase II V O 2 response was calculated by dividing the asymptotic phase II amplitude minus the baseline V O 2 by the increment in work rate (ΔVO 2 /ΔWR). Likewise, the end-exercise gain was calculated using a similar technique. To calculate T 2 , a region of interest (ROI) was traced around each of the individual eight muscles of the right thigh region, rectus femoris (RF), vastus lateralis (VL), vastus medialis (VM), vastus intermedius (VI), sartorius (Sar), gracilis (Gr), adductor magnus (AM), and semitendinosus (ST), using the Philips scanner software and based upon the structural scans obtained (Fig. 1) . Care was taken to exclude intermuscular fat and vascular structures from the traced ROI; however, inclusion of intramuscular fat was unavoidable in some subjects. The signal intensity (S) for each echo time, for each muscle group was then recorded and the value of T 2 calculated based on the relationship:
where S 0 is a constant and the signal S is corrected for background electronic noise, based upon the recorded signal from an ROI placed on an area in the image in which no tissue is present. If the natural log of S is plotted against TE for all TE values, the gradient of the best fit line is then resolved by 1/T 2 . In addition, the product of the T 2 and the relative (%) cross-sectional area was computed for each muscle and then summed to provide the area-weighted ΣT 2 at each time point in all subjects. The reproducibility of T 2 measures had an intra-observer coefficient of variation (CV) of 2.4 ± 2.3 % for all muscles in boys and men.
Statistical analysis
Peak V O 2 was expressed relative to body mass using the ratio standard (mL kg −1 min −1 ) and as a power function ratio (mL kg
). The b exponent represents the gradient of the log e peak V O 2 (L min
)-log e body mass (kg) relationship and was derived by log-linear analysis of covariance. Independent samples t tests were used to compare V O 2 kinetic parameters during VH exercise between boys and men. Mean differences in T 2 values were examined using two-way repeated-measures ANOVA with Bonferroni-adjusted post hoc tests used to locate statistically significant differences between and within groups. In addition, effect size (ES) statistics were calculated to judge the magnitude of the observed effect, using the following thresholds: trivial (<0.2), small (0.2), medium (0.5) and large (0.8) (Cohen 1988) . Pearson product-moment correlation coefficients were used to investigate the relationship between the relative V O 2 slow component amplitude and percent changes in T 2 from the ScTD to 6 min of exercise. All results are presented as mean ± SD with rejection of the null hypotheses accepted at an alpha level of 0.05.
Results
The participants' descriptive characteristics and physiological responses to ramp exercise are presented in Table 1 . Peak V O 2 relative to body mass (mL kg −1 min −1
) was higher in boys compared to men (P = 0.070, ES = 1.0) but there were no between-group differences when scaling peak V O 2 using a power function ratio (P = 0.573, ES = 0.3). Based on the responses to ramp exercise, the work rates calculated to require Δ60 % were 108 ± 17 W in boys and 226 ± 26 W in men.V
O 2 kinetics
The V O 2 kinetic parameters during step exercise are presented in Table 2 with a representative V O 2 plot for each adult and child subject illustrated in Fig. 2 . The exponential rise in phase II V O 2 was initiated after a similar time delay between groups but the τ was significantly shorter in boys compared to men (P = 0.004, ES = 2.1). The 95 % confidence intervals for the phase II τ averaged 5.4 ± 1.3 s in boys and 7.4 ± 2.7 s in men. Both the phase II and endexercise gain were greater in boys compared to men (both P < 0.001, ES = 4.3). The development of a slow phase in V O 2 manifested in each subject but there were no betweengroup differences in its time onset during U → VH exercise (P = 0.59). There were no significant age group differences in the magnitude of the V O 2Sc amplitude when normalized as a percentage of the total ΔVO 2 above baseline pedaling GET (% peak V O 2 ) 51 ± 6 51 ± 6
Peak heart rate (bpm) 194 ± 9 186 ± 7
Peak work rate (W) 154 ± 25 329 ± 30* 1 3
(P = 0.15, ES = 0.8). Likewise, there were no betweengroup differences in the fractional utilization of peak V O 2 at 6 min of U → VH exercise (boys 94 ± 9 vs. men 97 ± 5 %, P = 0.56). Modeling the entire V O 2 response from t = 0 s to the end of exercise yielded a lower V O 2 mean response time in boys compared to men (P = 0.002, ES = 1.9).
Muscle T 2
The increase in T 2 for separate muscles of the thigh after U → VH exercise is presented in Fig. 3 . T 2 increased within all muscles in boys and men but the magnitude of change varied between muscles of the thigh during the early part of U → VH exercise. In both groups, T 2 increased in each quadriceps muscle (P < 0.04) between rest and the ScTD but the ΔT 2 was lower (P < 0.02) in boys compared to men in the vastus portion (VL, VM and VI). In boys, T 2 increased between the ScTD and 6 min in the VM (ΔT 2 : 2.2 ± 1.7 ms, P = 0.036, ES = 1.1) and VI (ΔT 2 : 1.9 ± 0.9 ms, P = 0.004, ES = 1.5). In men, the increase in T 2 throughout the V O 2 slow phase was significant in the VL (ΔT 2 : 3.0 ± 2.1 ms, P = 0.02, ES = 0.8) but also increased during this time period in the VI (ΔT 2 : 2.1 ± 1.9 ms, P = 0.07, ES = 0.7). There were no significant differences in T 2 of the ST at the ScTD compared to rest in either group (P > 0.22) but T 2 was higher (P < 0.01) after 6 min compared to rest in boys and men. The increase in T 2 of the ST between the ScTD and 6 min was not significant in boys (ΔT 2 : 2.0 ± 2.1 ms, P = 0.13, ES = 0.5) or men (ΔT 2 : 2.2 ± 2.2 ms, P = 0.10, ES = 0.4). T 2 increased in the Sar between rest and the ScTD in men (P = 0.044) but there were no significant differences between time points during the early part of U → VH exercise in boys (P = 0.09). T 2 increased in the AM between rest and the ScTD in both groups (P < 0.05) but the increase in T 2 between the ScTD and 6 min was significant in men (ΔT 2 : 2.7 ± 0.9 ms, P < 0.001, ES = 0.9) but not in boys (ΔT 2 : 1.1 ± 2.3 ms, P = 0.86, ES = 0.3).
Area-weighted ΣT 2
There were no significant differences in the area-weighted ΣT 2 at rest before the second compared to before the first U → VH bout in boys (bout 1: 39.8 ± 2.7 vs. bout 2: 39.9 ± 3.2 ms, P = 0.61, ES = 0.0) or men (bout 1: 37.8 ± 1.9 vs. bout 2: 38.0 ± 1.7 ms, P = 0.53, ES = 0.1). The 60-min recovery was therefore sufficient to restore T 2 to its initial baseline value in both groups. The area-weighted ΣT 2 after VH exercise is presented in Table 3 . The area-weighted ΔΣT 2 between rest and the ScTD was lower for boys compared to men (3.8 ± 0.8 vs. 5.8 ± 1.1 ms, P = 0.001, ES = 2.0), however, this difference between groups was removed when normalized to the total Δ after 6 min (boys 73.1 ± 20.4 vs. men 72.5 ± 10.0 %, P = 0.95, ES = 0.0). The areaweighted T 2 increased between the ScTD and 6 min in boys (ΔT 2 : 1.6 ± 1.3 ms, P = 0.032, ES = 0.6) and men (ΔT 2 : 2.3 ± 1.0 ms, P < 0.001, ES = 1.0) but there were no between-group differences in the area-weighted ΔΣT 2 throughout the V O 2 slow phase expressed in absolute (ms) units (P = 0.27, ES = 0.6) or when normalized to the total Δ after 6 min (P = 0.99, ES = 0.0). The magnitude of the area-weighted ΔΣT 2 (%) from the ScTD to 6 min was correlated with the relative V O 2Sc amplitude in men (r = 0.92, P = 0.001) but not in boys (r = 0.09, P = 0.84) (Fig. 4) .
Discussion
This study measured T 2 from MRI to investigate the influence of muscle recruitment on pulmonary V O 2 kinetics in boys and men. In contrast to our experimental hypothesis, there were no statistically significant differences in the magnitude of the relative V O 2Sc amplitude between boys compared to men during which the area-weighted ΔΣT 2 throughout the V O 2Sc region was not different between groups in response to U → VH cycle exercise. Furthermore, although the relative V O 2Sc amplitude was positively correlated with the magnitude of thigh ΔT 2 between the ScTD and 6 min in men, we have shown this relationship is not present in boys. These findings suggest that, consistent with adults, the development of the V O 2Sc amplitude is accompanied by an increased recruitment of the upper leg muscles during cycling in 11-to 13-year-old children.
The increase in T 2 was highly variable between separate thigh muscles but increased predominantly in the vastus portion (and RF in boys) during the early part of U → VH exercise. This distribution of thigh muscle ΔT 2 or 'activation map' (see Fig. 3 ) is in line with previous reports following intense cycling in adult subjects (Endo et al. 2007; Reid et al. 2001; Richardson et al. 1998) . It has been proposed (Meyer and Prior 2000) and supported empirically Reid et al. 2001) , that exerciseinduced T 2 increases are principally mediated by intracellular fluid shifts from the osmotic activity of P i and lactate that accumulate in recruited muscle fibers. This predicts that accumulation of metabolites and therefore fluid shifts would be enhanced for the same power production in muscles with low oxidative capacity (i.e., with a lower % of type I muscle fibers). Indeed, it has been reported that ΔT 2 is more pronounced for the same stimulation rate in muscle of the rat hindlimb with a greater proportion of fast-twitch (glycolytic) muscle fibers compared to slow-twitch (oxidative) muscle fibers ). It is not clear from the present study if heterogeneities in muscle fiber type influenced T 2 changes between thigh muscles in boys and men. However, previous studies have reported that stratification of muscle fiber type and oxidative capacity is less distinct within human compared to animal muscle (Edgerton et al. 1975; Johnson et al. 1973 ). In our participants, an increased ΔT 2 of the vastus portion is therefore more likely to reflect an enhanced contribution from these muscles to the power production compared to that of the thigh flexors (hamstrings) and adductors in the transition from U → VH (i.e., up to the ScTD). Consistent with previous studies (Breese et al. 2010 (Breese et al. , 2012 Fawkner and Armstrong 2004; Williams et al. 2001) , boys demonstrated faster phase II V O 2 kinetics and an increased phase II gain compared to men during U → VH exercise. An increased ΔVO 2 /ΔWR has been reported during which iEMG of quadriceps muscle was elevated during the initial 2 min of heavy exercise in adults (Burnley et al. 2002; Layec et al. 2009 ). In the study by Burnley et al., the increased phase II V O 2 amplitude was ablated when normalized to the increase in iEMG suggesting the rise in V O 2 was proportional to the recruitment of motor units. In contrast, we recently reported that despite a ~10 % increase in the phase II gain in boys, there were no child/adult differences in iEMG activity of vastus lateralis muscle after 3 min of U → VH exercise (Breese et al. 2012) . Likewise, in the present study, an elevated phase II gain in boys was not accompanied by an increase in the area-weighted ΔΣT 2 up to the ScTD when normalized to the total increase after 6 min compared to men. This suggests that boys and men attained a similar proportion of their total thigh recruitment during the early part of U → VH exercise. It is possible that differences in muscle fiber type distribution might have influenced, in part, the altered phase II V O 2 kinetics between boys compared to men. In adults, the percentage of type I muscle fibers in vastus lateralis muscle has been reported to correlate positively with the phase II gain (Barstow et al. 1996; Pringle et al. 2003) and negatively with the phase II τ (Pringle et al. 2003) following the onset of heavy-intensity cycling. There is an evidence to suggest that the proportion of type I muscle fibers is reduced with maturation between pre-puberty and early adulthood, however, the data are equivocal (Bell et al. 1980; Lexell et al. 1992 ).
In contrast to previous studies (Armon et al. 1991; Breese et al. 2010 Breese et al. , 2012 Fawkner and Armstrong 2004; Williams et al. 2001) , there were no statistically significant differences in the magnitude of the relative V O 2Sc amplitude in boys compared to men. It is likely that large intersubject variability in the parameter estimates combined with small sample sizes reduced the statistical power necessary to detect a significant effect. However, we did report a large effect size for a lower relative V O 2Sc amplitude in boys, suggesting the difference to be meaningful, which is in line with a previous cross-sectional study during cycling at the same relative (i.e., Δ60 %) work rate (Breese et al. 2012) . Measurement of blood flow (thermodilution) and venous sampling has shown that leg V O 2 contributes ~85 % of the pulmonary V O 2Sc during intense submaximal exercise (Krustrup et al. 2009; Poole et al. 1991) . This increased muscle energy turnover has been suggested to arise from the recruitment of supplementary type II muscle fibers with poorer efficiency (i.e., with an increased ATP/power output ratio) to sustain the target power output (Whipp 1994 ). We therefore used T 2 to investigate the possibility that children's smaller V O 2Sc amplitude might relate to a lower muscle recruitment compared to adults during constant work rate exercise. From the present study, there were no differences in the area-weighted ΔΣT 2 between the ScTD and 6 min in absolute (ms) units or when normalized to the total Δ after 6 min between the boys and men. This suggests that both groups adjusted their thigh recruitment to a similar magnitude after the ScTD to maintain the target work rate. Our findings contrast with previous iEMG data ( Barker et al. 2014; Breese et al. 2012 ) and demonstrate, for the first time, that children's V O 2Sc is coincident with an increased muscle recruitment when more of the locomotor muscles within the exercising limb are considered.
Although an increase in the area-weighted ΣT 2 accompanied the development of the V O 2Sc amplitude independent of age, the two variables were not correlated in boys in contrast to the relationship reported herein and from previous studies in adults (Endo et al. 2007; Saunders et al. 2000) . Indeed, examination of the individual subject data in Fig. 4 reveals that the area-weighted ΣT 2 did not change in two of the boys tested despite them evincing a V O 2Sc amplitude during U → VH cycle exercise. While it is understood, at least in adults, that 80 % of the development of the V O 2Sc originates from the contracting muscles (Poole et al. 1991) our data suggest that other factors aside from an increased muscle recruitment may also contribute to the development of the V O 2Sc in children. For example, electrical stimulation (after which all motor units are recruited) has been shown to elicit a "mirror-image" of the V O 2Sc (constant V O 2 /reduced force output) during fatiguing contractions in animal muscle (Zoladz et al. 2008) . Moreover, a previous study reported that V O 2 rises to attain its maximum during which power output and iEMG activity decline following an all-out 3-min cycling sprint ( Vanhatalo et al. 2011) . These findings reflect an impaired contractile efficiency in fatiguing muscle fibers (Hepple et al. 2010 ) that would be expected to increase the V O 2 of power production irrespective of whether supplementary muscle fibers are recruited or not. Whilst we cannot discriminate between these putative mediators in the present study, the association between the area-weighted ΔΣT 2 and the V O 2Sc amplitude present in men but not in boys suggests that the development of the V O 2Sc might not obligate the progressive recruitment of muscle fibers in children but this requires further investigation.
Methodological considerations
We acquired T 2 at 2 min after cycle exercise since obtaining exercise and scan measurements in situ requires performing knee-extensor exercise within the bore of the MRI scanner. This is problematic given that exercising a smaller muscle mass (compared to cycle ergometry) reduces confidence in estimating the V O 2 kinetic parameters from a lower V O 2 signal-to-noise response in children. To our knowledge, there are no previously published data on the rate of T 2 decay immediately in the first few minutes after exercise. A previous study (Reid et al. 2001 ) reported a halftime for T 2 recovery of 23.3 and 11.9 min following cycle exercise corresponding to 90 % V O 2max in sedentary and trained adult subjects, respectively. T 2 also recovers more rapidly following electrical stimulation in muscle of the rat hindlimb with a higher percentage of slow-twitch type I muscle fibers ). There were no age differences in peak aerobic fitness scaled for body mass; however, we cannot rule out the possibility that age differences in muscle oxidative capacity might have impacted on the recovery kinetics for removing metabolites (e.g., P i and lactate) implicated in slowing the relaxation of muscle water after exercise. It is also possible that age differences in the metabolic response during exercise might have influenced ΔT 2 in active muscle. Previous studies have reported that muscle PCr breakdown is lower and muscle pH higher in children exercising at the same relative work rate compared to adults (Barker et al. 2010; Tonson et al. 2010 ). This suggests an increased contribution from oxidative metabolism to the energy demand in children that would be likely to reduce their absolute ΔT 2 (in ms) for the same relative increase in power production. Indeed, this was the case for the vastus muscles between rest and the ScTD in boys compared to men. However, this should not affect our betweengroup comparisons when ΔT 2 between the ScTD and 6 min is normalized relative to the total ΔT 2 above rest.
Conclusions
The development of the V O 2Sc increases the steady-state V O 2 of submaximal exercise or can elicit the peak V O 2 reflecting a lower muscular efficiency and resulting in exercise intolerance. This study, for the first time, utilized the T 2 of muscle protons from MRI to explore the role of muscle recruitment in modulating the V O 2Sc between children compared to adults during VH exercise. The novel findings were that, despite reporting a large effect size for a lower relative V O 2Sc amplitude in boys compared to men, there were no age differences in thigh ΔT 2 upon progression from the ScTD to 6 min (i.e., throughout the V O 2Sc ). The magnitude of thigh ΔT 2 was correlated with the relative V O 2Sc amplitude in men but not in the boys. These findings lend support to the notion that increased muscle recruitment coincides with the development of the V O 2Sc irrespective of age but further study is required to establish other contributors in children compared to adults.
